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This study reports a microfluidic device for generating 2-dimensional concentration
gradients of biomolecules along the width and length of a chamber and conven-
tional 1-dimensional gradients along the width of its lateral parallel channels. The
gradient profile can be precisely controlled by the applied flow rate. The proposed
design is simple and straightforward, has a small footprint size compared to previ-
ously reported devices such as tree-shape designs, and for the first time, provides
capability of generating desired 2D and 1D gradients, simultaneously. The finite
element simulation analysis proves the feasibility of the microfluidic device, and
the fluorescently labelled IgG antibody is used to demonstrate generated chemical
gradients. This simple microfluidic device can be implemented for a wide range of
high-throughput concentration gradient applications such as chemotaxis, drug
screening, and organs-on-chips. Published by AIP Publishing. [http://dx.doi.org/
10.1063/1.4991550]

I. INTRODUCTION

Generating precise chemical concentration gradients is greatly momentous in several
research areas such as cell migration and chemotaxis,! cancer metastasis,2’3 stem cell,4 drug
screening,” and microfabrication.® From a biological perspective, it is quite challenging to cre-
ate and control a consistent chemical gradient in vitro which can exactly mimic in vivo condi-
tions—an enclosed environment introducing minute volumes of biomolecules which can adhere
to creeping laminar flow while resisting diffusion forces. However, lab-on-a-chip (LOC) tech-
nology represents unique solutions to create stable and controlled gradients of different biomo-
lecules by means of microfluidic principles and has been utilized for several applications such
as drug screening and studying cell interactions.’'?

The free-diffusion of soluble molecules from the “source” to “sink” is one way to generate
concentration gradients in microfluidic devices.">™'® In this system, concentration gradients
evolve as the molecules diffuse along the length of a microfluidic channel or a reservoir
connecting source to sink and reach a steady state. These gradient generators are simple and
can be used in high throughput applications requiring a low volume of reagents.'” Nevertheless,
gradients usually require a long time to be created inside the microfluidic channel and can be
maintained for a limited time since the size of the source and sink is very small in microfluidic
systems.!' External pumping components may be required to address this problem, which
brings about the complexity of the system.

Another gradient generation method is based on the diffusion of species across the interface
of two adjacent laminar flows inside a microfluidic channel. Many of the flow-based microflui-
dic gradient generators have been relied on the tree-shape design introduced by Jeon et al. in
2000."®2! The main limitation of the tree-shape design is its considerably large footprint size
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which minimizes the space available for the targeted test. Moreover, long diffusion time is
required to generate the desired gradient in channels, which limits either the flow rate or the
channel length.**%®

Although the designs that produce one-dimensional (1D) gradients, a change in the concentra-
tion perpendicular to the fluid flow input, have been well established, there are very few studies
on microfluidic devices generating two-dimensional (2D) gradients. For instance, Jang et al.*® and
Cooksey et al.* utilized micro-wells and multifaceted tree-shape design, respectively, to achieve
microfluidic-based 2D gradient generators. These devices are not only demanding to fabricate but
also involve a multilayer control for fluid handling which is complex to operate. Microfluidic devi-
ces with 2D chemical gradients could be powerful tools in a wide range of applications such as
antibiotic susceptibility testing, characterization of cellular responses, and chemotaxis when high-
throughput experiments with a low volume of reagents are required.

Here, we report a simple microfluidic design for generating both 2D and 1D concentration
gradients of biomolecules based on the hydrodynamic resistances induced by channel geome-
tries. The proposed design generates two-dimensional gradients of biomolecules across both the
width and length of a main chamber which can be well controlled by the applied flow rate. The
main chamber seeds five parallel channels with different hydrodynamic resistances. These paral-
lel channels can also produce one-dimensional gradients. Table SI (supplementary material)
highlights the novelty and advantages of our microfluidic design in comparison to those already
reported in the literature.

Il. MATERIALS AND METHODS

The microfluidic device was designed using AutoCAD® software (Autodesk Inc., CA,
USA) and printed on a chrome mask. Standard photolithography was then applied to produce
an SU-8 based mold on a silicon wafer using the printed mask. Next, soft lithography was
applied to create the microfluidic channels on the polydimethylsiloxane (PDMS, Essex
Chemical, Boston, MA) substrate. The PDMS layer was peeled off from the mold, and the inlet
and outlet ports were punched. The protocol for covalently functionalizing the surface with gen-
erated concentration gradients and the assembly of the microfluidic device has been introduced
elsewhere.?'*? Briefly, both PDMS and glass substrates were oxygen plasma treated, and then,
(3-Aminopropyl) triethoxysilane (APTES, Sigma-Aldrich) was micro-contact printed onto the
glass substrates using a flat PDMS stamp. Instantly, the functionalized glass substrate was kept
in contact with the PDMS layer to create irreversible bonds. The platform was then dried at
60°C, and N-hydroxysuccinimide (NHS, Sigma-Aldrich) together with 1-ethyl-3—(3-dimethyla-
minopropyl) carbodiimide (EDC, Sigma-Aldrich) and phosphate buffered saline (PBS, Sigma-
Aldrich) were used to activate the printed amine groups so as to covalently attach biomolecules
onto the surface. To demonstrate generated gradients, fluorescein isothiocyanate (FITC)
conjugated-IgG antibody and Cy3 conjugated IgG (Abcam, Cambridge, MA) were flown into
the inlets by a multi-stage syringe pump. Furthermore, an inverted fluorescence microscope
(ZEISS-Axio Observer Inverted Microscope) was used to image the generated gradients.

COMSOL software (COMSOL Inc., Burlington, MA) was used to perform the finite ele-
ment simulation analysis. The 3D model of the microfluidic device was designed to process the
full scale simulation of the experimental setup. The governing equations used for the computa-
tional fluid dynamic (CFD) analysis were Navier-Stokes and continuity equations assuming
incompressible steady state conditions

V[n(Vu + (V)] + p(u.V)u+ Vp = 0, (1)
V=0, @)

where u is the velocity field, p is the pressure, 1 is the dynamic viscosity, and p is the liquid
density. The fluid inside the channels was assumed to be a Newtonian fluid and to have the
physical properties of water.
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Species diffusion in the solution was modelled using multi-physics capabilities of
COMSOL. The velocity components from the CFD results were simultaneously implemented
for concentration distribution using the convection and diffusion module. Species diffusion in
flow conditions was solved by applying Eq. (3)

% + V.(=DVc +cu) =0, 3)

where ¢ represents each species concentration, t is the time, and D is the diffusion coefficient.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows the microfluidic design. It begins with two opposite inlet channels which
then merge into a single channel perpendicular to the inlet axis. This channel joins the main
chamber (1600 um width x 800 um length) which feeds into five parallel channels with different
maximum widths as follows: channel 1st= 350 um, channel 2nd = 100 um, channel 3rd =200 um,
channel 4th =300 um, and channel 5th =500 um. The entrance of all these channels is equal to
50 um, and the height of all channels and chamber is 60 yum.

The size of the device has been optimized to be a minute footprint size of 4mm x 8 mm,
allowing us to fabricate a high throughput device by adding replicas of the same design in par-
allel for high throughput experiments (Fig. S1, supplementary material).

By imposing certain hydrodynamic resistances via 5 parallel channels, the microfluidic
device is able to provide 2D gradients in the main chamber and 1D gradients inside channels 4
and 5 (Fig. 3). From the electronic-hydrodynamic analogy, the hydrodynamic resistance (Ry,) of
a straight microchannel in a laminar incompressible steady state flow with a rectangular cross
section can be defined as follows:****
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where L, w, and h are the length, width, and height of the channel, respectively, and p is the
dynamic viscosity. According to Eq. (4), changing the width of the microchannel results in
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FIG. 1. (a) Schematic representation of the microfluidic design. (b) Simulation results for velocity streamlines throughout
the chamber by applying the flow rate of 1 ul min~'. (c) Velocity field at the entrance of the five parallel channels. (d)
Simulation results for the concentration gradient inside the main chamber and side channels.
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different hydrodynamic resistances. Consequently, in order to achieve the desired hydrodynamic
resistance in our microfluidic design, the geometry of the channels was adjusted based on Eq. (4).

A corresponding computational fluid dynamics analysis and simulation of the concentration
distribution were performed using COMSOL software. In the simulation process, to generate
the 2D gradient, the biomolecule solution and buffer merge into the single channel until they
enter the gradient chamber with applying desired flow rates. The biomolecule solution enters
the chamber from the side that is furthest to the channel with the lowest resistance.

Figure 1(b) depicts the simulation results for streamlines inside the chamber applying a
flow rate of 1 ul/min. It can be seen that the density of streamlines increases at the entrance of
the chamber and at the entrance of the 5 parallel channels. Moreover, there is a gradual
increase in the streamline density moving from the st channel to the 5th channel. The velocity
field at the entrance of the five parallel channels is plotted in Fig. 1(c). Each of the parallel
channels aspirates the fluid with different flow rates, which brings about the biomolecule distri-
bution inside the chamber and inside the side channels.

Figure 1(d) demonstrates the simulation results for concentration distribution in the micro-
fluidic device. As the width of the channel decreases, the channel hydrodynamic resistance
increases. Thus, there is a higher concentration of biomolecules at the entrance of the first chan-
nel and the concentration is reduced along the length and width of the chamber due to lower
hydrodynamic resistance and more fluid velocity. Moreover, Fig. 1(d) shows 1D gradients in
the parallel channels perpendicular to the inlet flow. Furthermore, changing the arrangement
and configuration of hydrodynamic resistances in these parallel channels leads to different
gradient patterns shown in Figs. S2—S5 (supplementary material).

In addition to the 2D concentration gradient, there is a velocity gradient inside the main
chamber as shown in Figs. 2(a) and 2(b) together with their arc-length directions. The direc-
tions of X and Y components of the velocity field are based on the coordinate systems shown
in Fig. 1(a). According to Fig. 2(a), at the chamber’s entrance (shown by a yellow line), there
is a high velocity peak, which is due to the inlet flow rate. By getting far from the entrance and
approaching the 5 parallel channels, the first sharp velocity peak decreases and other peaks
gradually appear along the arc-length direction. Different fluid velocities inside the 5 parallel
channels induced by their different hydrodynamic resistances are the main reason for the gener-
ation of these new velocity peaks. At the end side of the chamber close to the entrances of the
5 parallel channels, the velocity peaks related to each channel could be readily distinguished.
Regarding the velocity pattern along the width directions [Fig. 2(b)], the velocity curve
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FIG. 2. Simulation results of velocity and concentration gradients. (a) Y-component of velocity fields along represented
arc-length directions with different colors (right image) inside the main chamber. (b) X-component of velocity fields along
represented arc-length directions (right image). (c) Concentration gradients of two separate biomolecular solutions along
the length of the chamber with represented arc-length directions (right image). (d) Concentration gradients along the width
of the chamber with represented arc-length directions (right image).
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becomes smooth by getting far from the chamber’s entrance since there are no channels at the
width side of the chamber. Figures 2(c) and 2(d) illustrate the simulation outcome of the con-
centration along the length and width of the chamber when two different bimolecular solutions
(indicated as green and red lines) enter through two opposite inlets of the microfluidic device.
These patterns confirm the appropriate 2D concentration gradient of two different biomolecules
throughout the chamber.

The CFD analysis was quite analogous to the experimental results demonstrated in Fig. 3.
This experiment was performed via employing a FITC conjugated-IgG antibody and PBS solu-
tion flown into the microfluidic device through the two opposite inlets. Figures 3(a)—(3d) show
the generated 2D gradients of the FITC conjugated IgG antibody inside the chamber at various
inlet flow rates. The 3D fluorescence intensities of the generated chemical gradients are plotted
in Figs. 3(e)-3(j) for the applied flow rates using Image J software. It is obvious that the inlet
flow rate has a substantial effect on the generated gradient’s pattern. At high flow rates of
8 and 2 ul min~", there was a steep slope of reduction in fluorescence intensity along the cham-
ber’s diagonal; however, at lower flow rates, the fluorescence intensity decreased more gently.
Moreover, there was no significant gradient at a very low flow rate of 0.1 gl min~'. Produced
convection in the Y-direction, because of the varying hydrodynamic resistances in parallel
channels, is the main factor in the formation of gradients, and the generated gradients could
easily be covalently attached to the aminosilanized surface using EDC-NHS chemistry.*”

The 1D gradients generated in the channels 4 and 5 are shown in Figs. 3(k)-3(p) at differ-
ent inlet flow rates, and the related intensity diagrams are plotted in Figs. 3(q) and 3(r). The 1D
gradient perpendicular to the parallel channel direction is due to the effect of the generated 2D-
gradient in the main chamber. At a flow rate of 8 ul min~', very high fluid velocity of channel
5 caused a very low fluorescence concentration at the very left side of the channel. The gener-
ated 1D gradient is more distinct in channel 4 with higher hydrodynamic resistance compared
to channel 5. At lower inlet flow rates, the laminar flow rates inside the channel 5 were in an
appropriate range to create a 1D gradient. As a proof of concept, we immobilized Escherichia
coli (ATCC8739) bacteria inside the microfluidic device and demonstrated successful gradient
generation using FITC labelled IgG solution (Fig. S6, supplementary material). This provides a
powerful tool for performing rapid and high-throughput antibiotic susceptibility tests.

To further demonstrate the design principle, we examined flowing two different fluores-
cently labelled IgG antibodies from two different inlets. Figure 4 illustrates these results where
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FIG. 3. Fluorescence microscopy results using FITC conjugated IgG at different inlet flow rates. (a)—(d) Generated 2D gra-
dient patterns inside the chamber. (e)—(j) 3D intensity plots quantifying the fluorescence intensity of the 2D concentration
gradients in the main chamber. (k)—(p) Generated 1D gradient in channels 4 and 5. (q) and (r) Intensity diagram of channels
4 and 5 as a function of the channel width showing the 1D gradient inside the channels.
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FIG. 4. Generated 2D gradients of FITC conjugated IgG and Cy3 conjugated IgG inside the chamber together with their
3D intensity plots at different inlet flow rates of (a) 0.1 ul min~!' (b) 1 ul min~' (¢) 2 ul min~' and (d) 8 ul min~"!, obtained
using Image J software.

FITC conjugated IgG and Cy3 conjugated IgG were flown into the opposite inlets and pro-
ceeded to the chamber through the entrance narrow channel as two coflowing streams—the Cy3
conjugated antibody stream on the right and the FITC conjugated antibody on the left side of
the entrance channel. In this system, two conjugated antibodies entered the main chamber at
the center of the chamber length. The low intensity of red fluorescence determines the minor
generated 2D gradients of the Cy3 conjugated IgG, while the FITC conjugated IgG represents
well-established 2D gradients, confirming the effect of implemented different hydrodynamic
resistances in the design where a smooth 2D gradient is generated towards the channels with
lower hydrodynamic resistance. At a flow rate of 8 ul min~', as the Cy3 conjugated antibody
could rapidly reach the low hydrodynamic resistant channels 4 and 5, there is not enough time
for antibodies to diffuse, thereby forming a steep concentration gradient pattern. Decreasing the
flow rate, however, brought about more gradual 2D concentration gradients throughout the
main chamber.

IV. CONCLUSIONS

In conclusion, a simple and straightforward microfluidic design was introduced to generate
2D and 1D gradients of biomolecules. Having remarkably small footprint size, the device is
capable of generating two-dimensional concentration gradients throughout its chamber and one-
dimensional gradients inside its parallel channels. The simulation results demonstrated the crea-
tion of 2D velocity field and particle concentration gradients inside the chamber owing to
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various hydrodynamic resistances of the 5 parallel lateral channels. Fluorescence microscopy
experiments successfully illustrated different 2D and 1D gradient patterns dependent on the
inlet flow rates. Due to its small footprint, several designs can be integrated into a single chip
(Fig. S1, supplementary material) for a wide range of high-throughput concentration gradient
applications such as antibiotic susceptibility tests, chemotaxis, drug screening, and organs-on-
chips where 2D or 1D chemical gradients of biomolecules are needed.

SUPPLEMENTARY MATERIAL

See supplementary material for more information on the proposed microfluidic design and
other microfluidic gradient generators already published in the literature.
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